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Pigment epithelium-derived factor (PEDF) is a multifunc-
tional protein with neurotrophic, anti-oxidative, and anti-in-
flammatory properties. It is also one of the most potent endog-
enous inhibitors of angiogenesis, playing an important role in
restricting tumor growth, invasion, and metastasis. Studies
show that PEDF binds to cell surface proteins, but little is known
about how it exerts its effects. Recently, research identified
phospholipase A,/nutrin/patatin-like phospholipase domain-
containing 2 as one PEDF receptor. To identify other receptors,
we performed yeast two-hybrid screening using PEDF as bait
and discovered that the non-integrin 37/67-kDa laminin recep-
tor (LR) is another PEDF receptor. Co-immunoprecipitation,
His tag pulldown, and surface plasmon resonance assays con-
firmed the interaction between PEDF and LR. Using the yeast
two-hybrid method, we further restricted the LR-interacting
domain on PEDF to a 34-amino acid (aa) peptide (aa 44 —77) and
the PEDF-interacting domain on LR to a 91-aa fragment (aa
120-210). A 25-mer peptide named P46 (aa 46-70), derived
from 34-mer, interacts with LR in surface plasmon resonance
assays and binds to endothelial cell (EC) membranes. This pep-
tide induces EC apoptosis and inhibits EC migration, tube-like
network formation in vitro, and retinal angiogenesis ex vivo, like
PEDF. Our results suggest that LR is a real PEDF receptor that
mediates PEDF angiogenesis inhibition.

Pigmented epithelium-derived factor (PEDF),? also known as
SERPIN F1 and EPC1, is a 50-kDa serpin-like peptide. Although
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first identified in cultured pigment epithelial cells from fetal
human retinas (1), we now know that liver, kidney, heart, testis,
and lung tissues also express PEDF (2). PEDF influences many
biological processes. It is anti-angiogenic, anti-tumorigenic,
anti-inflammatory, anti-oxidative, neurotrophic, and neuro-
protective, and it exhibits anti-vasopermeability properties
(3-9). These diverse actions affect many cell types, including
retinal cells (10), neuronal cells (11), endothelial cells (12), and
hematopoietic stem cells (13). X-ray diffraction studies show
that PEDF has an asymmetrical charge distribution (14). A high
density of basic residues on one side of the molecule (positive)
interact with heparin and glycosaminoglycans, whereas acidic
residues on the opposite side (negative) interact with type-1
collagen (15-19). Yet the mechanisms explaining the diverse
biological activities of PEDF remain unclear.

A ligand/receptor interaction at the cell membrane seemed
likely, in addition to interactions within extracellular matrices,
because of the diverse effects and ubiquitous expression of
PEDF and the fact that most PEDF deposits remain within
extracellular matrices (20). We suspected that distinct PEDF
receptors elicit divergent signals to cause different biological
effects. Indeed, evidence shows that PEDF binds at least two
receptors: a 60-kDa receptor in ECs and an 80-kDa receptor in
neuronal cells (21-24). Research has identified two functional
epitopes on PEDF: a 34-mer peptide (residues 44-77) and a
44-mer peptide (residues 78 -121) (25). The 44-mer peptide
interacts with the putative 80-kDa receptor identified on Y-79
cells and cerebellar, motor (21, 22), and retinal (23) neurons,
to replicate the neurotrophic and anti-vasopermeability
properties of PEDF (9, 25). Becerra and co-workers (26)
recently identified 80-kDa PLA2/nutrin/patatin-like phospho-
lipase domain-containing 2 (PNPLA?2) as a PEDF receptor that
binds the 44-mer epitope. Filleur et al. (25) showed in vivo that
overexpressing the 34-mer in PC-3 prostate adenocarcinoma
cell lines reduces tumor microvessel density and increases apo-
ptosis. The 34-mer peptide induces apoptosis, blocks endothe-
lial cell migration, and inhibits corneal angiogenesis, possibly
through a distinct EC receptor. We do not yet know the nature
of the 60-kDa receptor.

PEDF is one of the most potent natural endogenous inhibi-
tors of angiogenesis, the extension of the vascular network from
pre-existing blood vessels. It inhibits endothelial cell migration
even in the presence of pro-angiogenic factors, such as vascular

hemagglutinin; EC, endothelial cell; X-a-Gal, 5’-bromo-4-chloro-
3'-indolyl-a-D-galactopyranoside.
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endothelial growth factor (VEGF) and fibroblast growth factor
(FGF) (27-29). PEDF-deficient mice show increased stromal
microvessel density in several organs, such as the pancreas and
prostate, suggesting that PEDF plays a key role as a natural
angiogenesis inhibitor (30). PEDF activity is selective. It only
targets new vessel growth and spares pre-existing vasculature.
It seems that the anti-angiogenic effects of PEDF involve endo-
thelial cell death through the activation of the Fas/FasL death
pathway (31). MAPK JNK and p38 influence endothelial cell
apoptosis by modulating c-FLIP or caspase activity in the pres-
ence of PEDF (32, 33). Recently, Cai et al. (34) reported that
PEDF inhibits VEGF-induced angiogenesis in retinal ECs.
PEDF enhances y-secretase-dependent cleavage of the C termi-
nus of VEGF receptor-1, thus blocking VEGF receptor-2
induced angiogenesis.

This study aimed to investigate potential receptors for PEDF
and to establish how they influence angiogenesis. We used a
yeast two-hybrid (Y2H) approach to identify potential PEDF
partners, paying particular attention to proteins that could be
PEDF receptors. Our results demonstrate that the non-integrin
37/67-kDa laminin receptor (LR) is a new PEDF receptor. LR
could be the proposed 60-kDa receptor identified in ECs (24).
LR is not simply a laminin receptor. It also mediates prion pro-
tein internalization (35) and functions as a receptor for viruses,
such as Sindbis, dengue, and adeno-associated virus (36 —38).
The LR subunit is implicated in several physiological and path-
ological processes, including cell differentiation, growth,
migration, and cancer invasion (39). Our research shows that
LR helps mediate PEDF anti-angiogenic activities. We identi-
fied both a 25-mer LR-interacting domain on PEDF and a
PEDEF-interacting domain on LR. The 25-mer PEDF-derived
peptide exerts the same anti-angiogenic and pro-apoptotic
effects on ECs as PEDF.

EXPERIMENTAL PROCEDURES

Y2H Screening of PEDF Partners—We used a Matchmaker
GAL4 two-hybrid system of Saccharomyces cerevisiae AH109
strain (Clontech) to screen a human skeletal muscle Match-
maker cDNA library (Clontech), with their 5" ends proximal to
the activation domain (AD) of the GAL4 transcription factor in
a pACT?2 vector. We used full-length PEDF ¢cDNA (accession
number NM_002615) baits, cloned in a pGBKT7 vector, with
the GAL4-binding domain (BD) at their 5’ end. We performed
interaction selection on high stringency medium (SD/—Ade/
—His/—Leu/—Trp/X-a-Gal). The AD-containing plasmids in
the selected clones were isolated according to the manufac-
turer’s instructions. We determined the cDNA nucleotide
sequences in each clone (genome-express, Meylan, France) and
compared them with the GenBank™ data base by using the
BLAST search program.

Y2H Method to Identify Laminin Receptor and PEDF
Interaction—We PCR-amplified different human PEDF frag-
ments (encoding amino acids 2-418, 140-418, 206-418,
374—-418, 2-326, 2—140, 2— 86, 2—44, 44-121, and 44 —77; see
Fig. 1) and cloned them into the EcoRI and BamHI sites of the
pGBKT7 vector. Similarly, we PCR-amplified LR fragments
(encoding amino acids 2-295, 96-295, 96 -295del158-179,
120-210, 135-200, 157-210, 120-180, and 157-180) with
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probes containing EcoRI and BamHI sites and cloned them into
pGADT7. We verified the constructions by sequencing. We
studied the potential interaction between different fragments
of PEDF and LR by co-transforming them into the S. cerevisiae
AH1009 strain, as described above. Yeast immunofluorescence
was performed as described (40) with anti-GAL4-AD and anti-
GAL4-BD (Santa Cruz). Yeast protein extracts were carried out
as described (41) and analyzed with anti-GAL4-AD and anti-LR
(Santa Cruz) in Western blot analysis.

Cell Cultures—Human bone marrow endothelial cells
(HuBMEC) (42) were grown in endothelial cell basal medium 2
(Promocell, Heidelberg, Germany). We cultured cells in plates
coated with 0.2% gelatin (Sigma) at 37 °C in a humidified atmo-
sphere of 5% CO,. We grew COS7 cells in Dulbecco’s modified
Eagle’s medium, supplemented with 10% FBS with 100 units/ml
penicillin and 100 wg/ml streptomycin.

Expression Vector Construction and Transfection into Cell
Cultures—We cloned full-length PEDF (aa 2—418) and LR (aa
2-295) ¢cDNAs in pCMV-HA and pCMV-Myc vectors (Clon-
tech) to obtain pPCMV-HA-tagged-PEDF (HA-PEDF) and Myc-
tagged-LR (Myc-LR) expression vectors, respectively. We then
co-transfected these two constructions into COS-7 cells that
we had plated at 1.5 X 10° cells/well the previous day using
Matra transfection reagent, according to the manufacturer’s
instructions (IBA, Gottingen, Germany).

PEDF Expression in Insect Cells and Laminin Receptor
Expression in Escherichia coli—We used the primers PEDF2
(5'-AATGAATTCCAGGCCCTGGTGCTACTCCTC-3') and
PEDFR (5'-CCTCTAGACTGGGGCCCCTGGGGTCCAG-
3’) to PCR amplify human PEDF cDNA (2-418). We cloned
this fragment into the EcoRI and Xbal sites of the pIB/V5-His/
CAT vector (Invitrogen). Primers LR2 (5'-ACTGAATTCTC-
CGGAGCCCTTGATGTCCTG-3’) and LR reverse primer (5'-
ACTGCGGCCGCAGACCAGTCAGTGGTTGCTCC-3') or
LR90 (5'-ACTGAATTCGCCACTCCAATTGCTGGCCGC-
3’) and LRR were used to PCR amplify human LR (2-295) or
LR90 (90-295) fragments, respectively. We cloned these frag-
ments into the EcoRI and NotlI sites of the pSCodon2 vector
(Delphi Genetics, Charleroi, Belgium). We purified PEDF from
Sf9 insect cells after blasticidin selection and purified laminin
receptor from SE1 bacteria after isopropyl B-p-thiogalactopy-
ranoside induction with Ni-NTA-agarose resin (Qiagen),
according to the manufacturer’s instructions.

Immunofluorescence—CQOS-7 cells were co-transfected with
HA-PEDF and Myc-LR. Forty-eight hours later, we rinsed them
with PBS twice and fixed them in 4% paraformaldehyde for 5
min, followed by 50 mm NH,Cl for 15 min. We permeabilized
cells with PBS containing 0.1% Triton X-100 for 10 min. We
then incubated the permeabilized cells with PBS containing 2%
bovine serum albumin for 20 min before incubating them with
either anti-PEDF antibody (MAB1059, 1:100; Chemichon,
Temecula, CA) and anti-LR antibody (H-141, 1:100; Santa
Cruz) or anti-HA antibody (3F10, 1:100; Roche Applied Sci-
ence) and anti-Myc tag antibody (9B11, 1:2000; Cell Signaling,
Beverly, MA) in PBS containing 0.2% bovine serum albumin for
1 h. We washed cells four times with PBS and incubated them
with Cy3-conjugated Goat anti-rabbit antibody (1:400, Jackson
Immunoresearch; Suffolk, UK) or Alexa Fluor 488 goat anti-
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A PEDF LREc 96-295 uncoated with His-LR. Running
2.418 I ¢ - buffer (10 mm HEPES, 150 mm
140-418 [ ] - NaCl, 50 um EDTA, 0.005% surfac-
206-418 [ ] - tant P20, pH 7.4) and binding buffer
374-418 — - (10 mm HEPES, 150 mMm NaCl, 5 mm
:?ig ' ' nr CaCl,, 50 um MgCl,, 50 um EDTA,
2.98 |:||:] - 0.005% surfactant P20, pH 7.4) were
2.44 O - used. We used PEDF protein (refer-
44-121 ) S ence number 01-211; Upstate) and
?:;14-_7’"?.&0 — ++ peptide P46 to study binding. We

analyzed results with BIA evalua-

bl tion software version 4.1.
B Laminin Receptor 37LRP/67LR 2411:]5?427 F46 Binding to Cells—We grew
TM domain laminin/PrP BD _HSPG BD c HuBMEC:s to a 60— 80% confluency
LR  2-295 - - T ' = = before incubating them with fluo-
LRec 96-295 | m— — ) ++ roscein-coupled-P46 peptide (F46,
L4B 120-210 —— — | +4+ 50 or 200 nM) at 4 °C for 60 min. To
Vs e _ _ test the binding specificity, we used
either nonfluorescent peptide (P46)
FiF: 181210 - i at 500 uMm or anti-LR antibodies in
PGR 120-180 ——— ——— g T the binding assay. In the latter case,
ALPG 96-295del158-179 m—————— — ) -+ + HuBMECs were first preincubated
LPG 187180 — _ _ for 30 min with LR antibody (67LR,

FIGURE 1. Finding PEDF-LR interaction domains by yeast two-hybrid assay. A, identifying a direct LR-
interacting domain on PEDF. Using full-length PEDF (aa 2-418) as bait, we identified the extracellular domain
of LR (LRec 96-295) as a PEDF partner. We designated their interaction level as ++ and compared other
experiments to this, labeling them as ++, +, and — depending on the speed of yeast growth and the blue
staining of galactosidase activity. The corresponding amino acid numbers in each construct are indicated to
the left of the figure. The interaction level is marked to the right of the figure. We identified one LR-interacting
domain (aa 44-77) in N terminus. This fragment (aa 44-77) has also been identified as the anti-angiogenic
peptide 34-mer (25). B, identifying the PEDF-interacting domain on LR. We tested the interactions between
different fragment lengths of 67LR and full-length PEDF (2-418) or the 34-mer fragment. The PEDF-interacting
domain on LR was localized to the region 120-210. The laminin/prion-binding domain (laminin/PrP BD) or
peptide G (aa 157-180) alone was not sufficient for PEDF-LR interaction. However, deleting this region reduces
PEDF-LR interaction. TM, transmembrane; HSPG BD, heparan sulfate proteoglycan-binding domain.

mouse IgG (1:400; Molecular Probes, Carlsbad, CA) for 1 h in
the dark. We washed the cells three times in PBS before incu-
bating them with DAPI (dilution 1:10000, Sigma) for 5 min. We
washed cells twice before mounting them onto glass slides with
a drop of Mowiol mounting medium.

Molecular Modeling—We modeled the PEDF-interacting
domain using VMD software. We reduced the region into a
theoretical functional domain with the help of a server and a
docking server simulating an interaction between the peptide
and ribosomal protein S2, which shares a 52% sequence homol-
ogy with LR. One peptide, 25-mer P46 (aa 46 —70, FFKVPVNK-
LAAAVSNFGYDLYRVRS) was determined and synthesized
(see Fig. 3). We also synthesized fluoroscein-coupled peptide
(F46) (Engineering protein platform, IFR83, UPMC, Paris,
France).

Surface Plasmon Resonance (SPR) Assays—Using a BIAcore
3000 instrument (Biacore AB, Uppsala, Sweden), we analyzed
the molecular interaction in real time between PEDF or PEDF-
derived peptide P46 and his-LR (aa 2—295) or his-LR90 (aa
90-295) isolated from E. coli and immobilized on a NTA sen-
sor chip to reach a response of between 1200 and 1600 reso-
nance units (RU), according to the manufacturer’s recommen-
dations. We prepared a reference surface, without protein, by
the same procedure. To evaluate nonspecific background sig-
nals, we also used PEDF protein and peptide P46 on NTA chips
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ab711, 1:100; Abcam, Cambridge,
UK; or LR antibody, H-141, 1:100;
Santa Cruz) at 37 °C, followed by
placing the plate at 4 °C for 30 min,
prior to incubation with F46 (50 or
200 nm) at 4 °C for 1 h. We washed
cells three times with PBS and then
fixed them with 4% paraformalde-
hyde for 5 min, incubated them with
PBS containing DAPI, then washed,
and mounted them beneath glass coverslips. We took photo-
graphs with a Zeiss LSM510 confocal laser microscope (Gottin-
gen, Germany). We used a nonrelevant rhodamin-labeled 25-mer
peptide KAP3.1 (FSDKSCRCGVCLPSTCPHEISLLQP) derived
from keratin-associated protein (43) as a control peptide.
Western Blot Analysis—We extracted proteins using radio-
immune precipitation assay buffer (1 mm EDTA, 1% Triton
X-100, 1% sodium deoxycholate, 0.1% SDS, 150 mm NaCl, 50
mM Tris-HCI, pH 7.25, 1 mm phenylmethylsulfonyl fluoride,
and a mixture of protease inhibitors (Roche Applied Science)).
We determined protein amounts using Bradford reagent (Bio-
Rad). We denatured 20 pg of protein with reducing Laemmli
buffer and resolved them with 12% SDS-PAGE. We then
transferred the proteins to the polyvinylidene difluoride
membranes (Amersham Biosciences). We blocked the mem-
branes with 5% fatty acid-free milk at room temperature for
1 h. We then incubated the membranes overnight at 4 °C,
with the primary antibodies (LR antibody, H-141, 1:250;
Santa Cruz; and active caspase-3, CPP32, 1:1000; R & D Sys-
tem) diluted in 5% milk, followed by incubation with a
secondary antibody conjugated with peroxidase (Dako,
Glostrup, Denmark). We used ECL detection reagent to
detect signals. The values obtained with Image] software
were normalized with anti-glyceraldehyde-3-phosphate
dehydrogenase antibody (FL-335, 1:400; Santa Cruz).
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FIGURE 2. Co-localization of HA-PEDF and Myc-LR in cell cultures and
PEDF-LR interaction in vitro. A and B, we immunostained Myc-LR and HA-
PEDF co-transfected COS7 cells with anti-Myc antibody (green) and anti-HA
antibody (red) 48 h after transfection. C, the merged image of A and B indi-
cates the co-localization of PEDF and LR in the co-transfected cells (arrows).
D, confocal microscopy image analysis of HA-PEDF and Myc-LR in COS7 cells
with the software Coloc. The white color in the plot in the upper right corner
corresponds to the co-localization of high density red color (Ch3-T3) and
green color (Ch2-T1) (between 120 and 250) staining. This co-localization
occurred mainly around the plasma membrane (arrows). E, Western blot (WB)
analysis of COS7 cells transfected with anti-HA and anti-Myc antibodies. We
found HA-PEDF at 55 kDa and Myc-LR at 40 kDa. The plasmids used in trans-
fection are indicated at the top of the picture, and molecular mass markers are
to the left. F, we confirmed PEDF expression in insect Sf9 cells and LR or LR90
in E. coli by Western blot, using anti-PEDF antibody and anti-LR antibody.
G, PEDF was pulled down with Ni-NTA resin when His-tag LR or His-tag LR90 was
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Co-immunoprecipitation—We incubated the protein mix-
tures at 4 °C for 1 h with 2 ug of anti-PEDF antibody (Chemi-
con) on a mixing rotor. We added agarose A/G protein (20 ul)
and incubated the samples overnight. The next day, we centri-
fuged the samples at 1000 X g for 5 min. We removed the super-
natant, leaving a pellet of beads. We washed the pellets four times
by centrifuge (1000 X g, 5 min) with radioimmune precipitation
assay buffer (1 ml) (1X PBS, pH 7.4, 1% Nonidet P-40, 0.5% sodium
deoxycholate, 0.1% SDS), adding Laemmli buffer after the last
wash. We performed Western blot analysis with anti-LR antibody
(H-141, 1:250; Santa Cruz) as described above.

His Tag Pulldown Assay—We assessed PEDF binding to His-
tagged LR by His tag pulldown of bound complexes with Ni-NTA
resin, as described by Notari et al. (26). PEDF protein (2 ug;
Upstate) was mixed with either 1 ug of His-LR (aa 2-295) or 1 ug
of His-LR90 (aa 90-295, extracellular domain), purified from
E. coli by Ni-NTA resin (more than 95% purity) in binding buffer
(50 mM sodium phosphate, pH 7.5, 500 mm Nacl, 1% Nonidet P-40;
final volume, 150 ul), and incubated at 4 °C for 4 h with gentle
rotation. We added the Ni-NTA resin beads (50 ul), pre-equili-
brated in binding buffer, to the mixture and incubated at 4 °C for
2 h with gentle rotation. Brief centrifugation sedimented the resin
beads, and we washed them three times with binding buffer. We
extracted the proteins with 50 ul of 2X Laemmli buffer and ana-
lyzed them by Western blot with anti-PEDF antibody.

Matrigel Angiogenesis Assay—W e performed this assay as pre-
viously described (44). HuBMECs were seeded in 24-well plates,
precoated with 300 ul of growth factor-reduced Matrigel (BD Bio-
science), at 48,000 cells/well. We cultured cells for 24 h in Dulbec-
co’s modified Eagle’s medium, supplemented with 0.2% FBS, 100
units/ml penicillin, and 100 pg/ml streptomycin. We examined
the effects of PEDF, 25-mer peptide P46, or control peptide
KAP3.1 on bFGF-induced tube-like networks by phase contrast
microscopy. We took representative photographs from four ran-
dom fields/sample and measured the endothelial tube lengths. We
then performed three distinct experiments.

Corneal Angiogenesis—W e assessed corneal angiogenesis as
described previously (45). Sucralfate pellets containing PBS
alone, bFGF alone, bFGF plus PEDF, bFGF plus peptide P46, or
P46 alone were implanted into the corneas of C57/B16 mice.
We used about 30 ng of bFGF, 50 ng of PEDF, and 10 ng of
P46/pellet. Three to eight animals (6-11 corneal implants)
were examined per sample. We used an Olympus SCH10
microscope to examine the eyes of the mice. The Pierre and
Marie Curie University Animal Care and Use Committee had
approved the protocol.

Apoptosis Assay—We performed terminal deoxynucleotidyl
transferase-mediated biotin-dUTP nick end labeling (TUNEL)
using an In Situ Cell Death Detection Kit (Roche Applied Sci-
ence). We seeded HUBMECs at 3.8 X 10* cells/well in 24-well

present in the mixture. H, co-immunoprecipitation of PEDF and LR. Anti-LR
only detected 40 kDa LR when we used anti-PEDF antibody (/anes 2 and 3) in
the mixture containing full-length LR and PEDF, but not when we used con-
trol IgG (lane 1.). 1, real time binding by SPR analyses of PEDF and LR interac-
tions. We recorded sensograms with His-LR or His-LR90 immobilized on a NTA
sensor Chip and PEDF using a BlAcore 3000 instrument and BlAevaluation
software. We observed similar interactions (370 RU) between PEDF and LR or
LR90.
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tored the wounded areas over 24 h
and took micrographs every 4 h.
SiRNA-mediated LR Knockdown
Experiment—We seeded HUBMECs
in 6-well dishes at 1 X 10° cells/
well 1 day before transfection. We
used four siRNA oligonucleotides
(Genecust, Ivry, France) to target
the human LR gene, either individ-
ually or in combination: LR-100
(5'-GGAACAGUACAUCUAUAA-
ATT-3'/5'-UUUAUAGAUGUAC-
UGUUCCAT-3'), LR-211 (5'-
UGCUGAUGUCAGUGUUAU-
ATT-3'/5'"-UAUAACACUGACA-
UCAGCAGG-3'), LR-402 (5'-CGG-
AGGCAUCUUAUGUUAATT-3'/
5'-UUAACAUAAGAUGCCUCC-
GTG-3'), and LR-612 (5'-CAG-
AGAUCCUGAAGAGAUUTT-3'/

o 15§U 5'-AAUCUCUUCAGGAUCUCU-
GTT-3').

JESSNECE We used scrambled siRNA (5'-

100 s UUCUCCGAACGUGUCACG-

é S e o UTT-3'/5'-ACGUGACACGUU-

I — KAP S0yl CGGAGAATT-3') as a negative

& |' control. The siRNA pool of the

four sequences gave the best

old_ - knockdown result (data not

\ o shown), and we used this in all

Start syection subsequent experiments. We
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FIGURE 3. Characterizing the 25-mer peptide that specifically interacts with LR. A, partial sequence (aa
1-135) of human PEDF. Secondary structure is indicated by H for helix and A for beta sheet. The 25-mer region
(aa46-70), with a helix-loop-helix is shown in red. This 25-mer is part of a previously described 34-mer by Filleur
et al. (25). B, secondary structure of this 25-mer. C, in silico analysis with VMD software shows the potential
location of 25-mer P46 within the three-dimensional structure of PEDF. D, SPR assays. His-LR was immobilized
on a sensor Chip NTA to reach a response of between 1600 and 2000 RU. We analyzed the interaction between
25-mer and LR using a BlAcore 3000 instrument (BlAcore), according to the manufacturer’s instructions. The
results indicated a specific interaction between LR and 25-mer. We used peptide KAP3.1 as a negative control.

plates in complete MEB2 medium (Promocell). The next day
the cells were serum-starved for 14 h by incubation in 0.2%
serum MEB2 without growth factors. We then incubated cells
with PEDF (40 ng/ml), P46 (200 nm), or KAP3.1 (200 nm) in the
presence or absence of bFGF (20 ng/ml) and VEGF (20 ng/ml)
for 24 h. We rinsed cells with PBS (pH 7.4) for 5 min twice, fixed
them with 4% paraformaldehyde, and stained them according
to the manufacturer’s instructions. We stained cell nuclei with
DAPI. We assessed the percentage of TUNEL-stained cells by
fluorescence microscopy, examining four random views/sam-
ple. We repeated the experiments three times.

Wound Healing Assay—We plated HuBMECs into 12-well
plates at 50,000 cells/cm? and grew them until confluent. We
created a wound using a pipette cone. We then washed cells
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(IBA) 24 h later, according to the
manufacturer’s protocol. We ana-
lyzed silencing efficiency by
immunoblotting with anti-LR
antibody (H-141; Santa Cruz). We
assayed active caspase-3 levels by
using anti-active caspase-3 anti-
body (CPP32; R & D System) in a
Western blot. We repeated the experiments twice.

Statistical Analysis—We analyzed quantitative data using
Fisher post hoc tests for repeated measures and Student’s
unpaired ¢ tests. The data shown are the means * S.E. We
considered p values <0.05 to be statistically significant and
have marked them with asterisks.

RESULTS

Identification of 37/67-kDa LR as a PEDF Partner by the Y2H
System—Considering the widespread tissue expression and dis-
tinct biological functions of PEDF, we assumed that this peptide
would have a series of partners. To investigate this further,
we adopted a Y2H approach, screening a human skeletal mus-
cle cDNA library using full-length PEDF (aa 2—418) as bait. We

AV DN

VOLUME 284 -NUMBER 16+APRIL 17, 2009



screened the clones grown on high stringency selected medium
(SD/—Ade/—His/—Leu/—Trp/X-a-Gal). We isolated and
sequenced plasmids from the clones that expressed proteins
potentially interacting with GAL4-BD-PEDF. We then
matched the sequences from these clones with the GenBank™
data base. Sequence analysis revealed that several of these
clones encode plasma membrane proteins or potential PEDF
receptors, such as PNPLA2 and 37/67-kDa LR. During our
study, Becerra and co-workers (26) identified PNPLA2 as a
PEDF receptor, one with potent phospholipase A, activity that
liberates fatty acids. We therefore decided to focus on the sec-
ond plasma membrane protein: the LR. 67LR is a non-integrin
laminin receptor, which possesses similar heparan sulfate pro-
teoglycan binding activity to PEDF (15, 46). It is located in the
cell membrane and results from the maturation of a 37-kDa
precursor, previously known as P40 or 37LRP (laminin receptor
precursor) (47). 67LR plays an important role in cell prolifera-
tion and migration, angiogenesis, and tumor metastasis (39,
48). Alignment and comparison with the GenBank™™ data base
showed that the clones interacting with full-length PEDF con-
tained only the 67LR extracellular domain (Fig. 1B, LRec, aa
96 —-295, accession number NM_002295.4). We wished to know
whether the entire LR would interact with PEDF in the Y2H
system, and if so, which PEDF domains would mediate the
interaction.

Identification of a 37/67-kDa LR-interacting Domain on
PEDF—Surprisingly, PEDF did not interact with full-length
67LR in the Y2H system (Fig. 1B). This may be due to aberrant
protein folding or membrane docking caused by the presence of
the transmembrane domain in the full-length LR. We per-
formed immunofluorescence in the yeast co-transformed by
the plasmids GAL4-BD-PEDF and GAL4-AD-LR using anti-
GAL4-BD and anti-GAL4-AD antibodies. The results showed
that the two antibodies stained the nucleus (supplemental Fig.
S1), thus excluding the membrane docking hypothesis. West-
ern blot analysis of protein expression with antibody anti
GAL4-AD detected a smaller than expected band in the yeast
harboring the full-length GAL4-AD-LR plasmid (17 kDa
instead of 50 kDa; supplemental Fig. S1). Furthermore we
detected a 29-kDa band using anti-LR antibody. These results
suggest that a protease digests the fusion protein GAL4-AD-
LR, thereby separating GAL4-AD from LR. This could explain
the absence of interaction between full-length LR with PEDF.
Digestion of fusion protein could be linked to protein misfold-
ing, which exposes the potential protease recognition site. To
identify the LR-interacting domain on PEDF, we generated
nested mutated PEDF fragments from N and C termini by PCR
and linked these fragments to GAL4-BD of the vector pGBKT7
(Fig. 1A). We co-transfected these constructs with LRec (aa
96 —295) linked to GAL4-AD of pGADT7 vector into yeast. The
Y2H results revealed a PEDF region in N-terminal (aa 44 —77)
that interacts with LRec. This domain is also known as an anti-
angiogenic peptide: the 34-mer peptide (25).

Characterization of PEDF-interacting Domain on LR—We
generated different fragments from the extracellular domain of
the LR and linked them to GAL4-AD of pGADT7 vector. These
constructions were co-transfected with the full-length PEDF
constructions or 34-mer PEDF peptide (aa 44 —77) as described
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F46200nM| B KAP 3.1 200 nM

LR sc + F46 200nM

LRcam + F46 200nM| D

P46 1uM + F46200nM + LRsc

F46 200 nM + LRsc | F

FIGURE 4. 25-mer peptide F46 binds HUBMECs. A, Fluorescent-P46 (F46)
binding to HUBMECs. We incubated HUBMECs with 200 nm F46 for 60 min at
4°C. We used DAPI (blue) to label nuclei. B, rhodamin-labeled control pep-
tide KAP3.1 (200 nm) did not bind to HUBMECs under the same condition
as A. C, F46 binding to HUBMECs was inhibited when cells were preincubated
with polyclonal 67LR antibody (ab711; Abcam). D, F46 binding to HUuBMECs
was decreased when cells were preincubated with monoclonal 67LR anti-
body (H-141; Santa Cruz). E, co-localization (white) of F46 and LR on the sur-
face of the HUBMECs. We incubated F46 with cells, as described for A, and
then incubated the cells with anti-67LR antibody (H-141; Santa Cruz) to label
LR. White (arrow) demonstrates the co-localization of intense green staining
(F46) and red staining (67LR). F, F46 binds specifically to HUBMEC membranes.
We performed experiments as detailed for E, except for adding excess non-
fluorescent P46 to the cells in the binding buffer. F46 staining (green) was
barely detectable. Bar, 20 um.

above. We showed that the PEDF-interacting domain on 67LR
was restricted to fragment aa 120-210 (Fig. 1B, construction
L4B). Sequences aa 120135 and 200-210 seem essential for
the interaction between PEDF and LR, because deleting these
regions abolished the interaction (Fig. 1B, construction L3).
However, in association with the fragments aa 157-180, 120 —
156, and 181-210 seem to be independently sufficient for an
interaction between LR and the PEDF peptide, although the
interaction with full-length PEDF seems to be diminished.
Indeed, both aa 120 -180 (Fig. 1B, PGR construct) and 157-210
(Fig. 1B, PGF construct) interacted with PEDF or 34-mer,
unlike fragment aa 157-180 (Fig. 1B, LPG construct). LPG pep-
tide refers to the palindromic G peptide (aa 161-179) known to
interact with laminin 1 and PrP prion protein (46). Although
this peptide is not able to bind PEDF alone, deleting it (Fig. 1B,
ALPG) reduced the interaction between LR and full-length
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PBS (0/6)

bFGF (10/11) bFGF+PEDF (0

M

17)

a control. Precipitate analysis indi-
cated that full-length PEDF co-im-
munoprecipitated with full-length
LR (Fig. 2H, lanes 2 and 3) when
anti-PEDF was used, indicating a
direct interaction between PEDF
and LR. The co-immunoprecipita-
tion experiment with anti-LR anti-
bodies failed to co-immunoprecipi-
tate LR and PEDF. This could be due

7 to the fact that anti-LR antibody
5 00 recognizes a region that overlaps
g N with the PEDF binding site on LR.
£ 601 To overcome this possibility, we
§ 401 T o performed a His tag pulldown
2 20 assay, using His-tagged full-length
s | LR and then His-tagged LR extracel-
14 PEDF P46 KAP3.1

bFGF - + + + &+ lular domain (LR90). We found that

PEDF was pulled down with
Ni-NTA beads when the binding
reactions included His-tagged LR
or His-tagged LR90 (Fig. 2G). We
further confirmed this PEDF-LR
interaction by surface plasmon res-
onance assay (Fig. 21). Fig. 2] shows
PEDF binding to His-tagged LR and

bFGF+P46 (1/9)
His-tagged LR90 on the Ni*"-NTA

FIGURE 5. 25-mer peptide P46 inhibits bFGF-induced angiogenesis on Matrigel. We seeded HUBMECs into
24-well plates coated with Matrigel and examined tube-like structure formation by phase contrast microscopy
24 h later. A, control: no factors in medium. B, we observed tube-like structure formation after 24 h of incuba-
tion with bFGF (20 ng/ml). C, PEDF (40 ng/ml) inhibits bFGF-induced tube-like structure formation. D, peptide
P46 (200 nm) inhibits tube-like structure formation, just like PEDF. E, control peptide KAP3.1 (200 nm) does not
inhibit tube-like structure formation. F, graphic representation of bFGF-induced tube-like structure formation
in the presence of PEDF, P46, and KAP3.1, respectively. G, PEDF and P46 inhibit bFGF-induced angiogenesis in
corneas. We show representative corneas here, indicating the number of positive corneas/total in parentheses.

PEDF and 34-mer peptide. This indicates that LPG co-operates
with other LR regions for full PEDF interaction.

PEDF and LR Co-localize in Living Cells—Because full-length
LR does not interact with PEDF in the Y2H system, we co-
transfected COS7 cells with HA-tagged full-length PEDF (HA-
PEDF) and Myc-tagged LR (Myc-LR) using a cytomegalovirus
promoter to examine potential interaction between the full-
length LR and PEDF in living cells. We checked PEDF and LR
expression by Western blot (Fig. 2E) with anti-HA and anti-
Myc antibodies, respectively. As shown in Fig. 2E, both HA-
PEDF and Myc-LR were readily expressed and detected by
Western blot as 55- and 40-kDa proteins. We observed the
co-localization of Myc-LR and HA-PEDF on immunofluores-
cence labeling in the co-transfected cells (Fig. 2, A—C). In addi-
tion, analysis of the confocal microscopy results also indicated
that HA-PEDF and Myc-LR co-localize with a strong signal at
the cell periphery (Fig. 2D). This co-localization suggests
potential interaction of PEDF and LR at the plasma membrane
of living cells.

To confirm the PEDF and LR interaction, we performed a
co-immunoprecipitation experiment (Fig. 2H). We mixed full-
length LR proteins, produced in E. coli, with full-length PEDF
from insect Sf9 cells. Then we added either anti-PEDF or
anti-LR antibody to the protein mixture, using IgG antibody as
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surface. The overlay plot shows that
the signals for PEDF binding to LR
and LR90 were similar, reaching 370
RU. The following dissociation
phase is slow, requiring more than
1 h to return to initial levels. PEDF
did not bind to the Ni**-NTA sur-
face in the absence of LR (supplemental Fig. S2).

25-mer PEDF Peptide Binds Specifically to Cell Membranes—
Previous research has indicated that PEDF binds specifically to
at least two cell membrane receptors, one 80-kDa receptor and
one 60-kDa receptor (21-24). The 80-kDa receptor could be
the PNPLA2 (26). We propose that the 60-kDa receptor could
be LR. Having demonstrated the interaction between PEDF and
LR and identified a specific PEDF domain, we then investigated
the biological functions of this domain. According to previous
studies, the 34-mer peptide exhibits anti-angiogenic activity
(25), and we wondered whether a smaller fragment could elicit
the same effects. For this purpose, we used protein structure
software to analyze the 34-mer (aa 44 -77) to help design and
synthesize a 25-mer (aa 46 —70, designated as P46) with a helix-
loop-helix structure (Fig. 3, A and B). This peptide is located on
the surface of the three-dimensional structure of PEDF (Fig.
3C). We used SPR assays to evaluate the potential interaction
between P46 and LR (Fig. 3D). Our results show that P46 inter-
acts specifically with LR in an SPR assay. An overlay plot shows
that the signal for P46-LR binding reached 45 RU and that the
following dissociation phase was slow. More than 10 min were
needed to return to initial levels, compared with the control
peptide, which dissociated immediately. P46 did not bind to the
Ni>"-NTA surface in the absence of LR (supplemental Fig. S2).
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FIGURE 6. PEDF and P46 peptide decrease cell motility in wound healing
assays and promote apoptosis in endothelial cells. A, representative pic-
tures of wound healing experiments. PEDF or the peptides used are shown at
the top of the picture, and time is marked on the left. B, cell migration in the
presence of PEDF, P46, and KAP3.1, respectively, at 4 and 8 h. PEDF and P46
decrease cell migration. C, apoptotic cells in different conditions. We starved
HUBMECs in factor-free 0.2% FBS MEB2 overnight and incubated them in a
starved medium with or without bFGF/VEGF growth factors (20 ng/ml each)
and PEDF (40 ng/ml), P46 (200 nm), P326 (200 nm), and KAP3.1 (200 nm) for
24 h. bFGF/VEGF protects cells from apoptosis under starvation conditions.
We counted the percentage of TUNEL-labeled cells by fluorescence micros-
copy, examining four random views/sample. We repeated the experiment
three times.

[I
P46
46

We verified that this peptide can bind LR on cell membranes.
We incubated fluorescent P46 peptide (F46) with HUBMECs at
4.°C for 60 min and observed a strong signal (Fig. 4A4). Our
control did not show binding to HuBMECs (Fig. 4B). Interest-
ingly, HuBMEC membrane binding by F46 was abolished when
cells were blocked by anti-67LR polyclonal antibody ab711
(Abcam) (Fig. 4C), which also inhibits laminin1 signaling (13).
Binding was also diminished when we used anti-LR monoclonal
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antibody H-141 (Santa Cruz) (Fig. 4D). In addition, confocal
microscopy analysis showed that F46 fluorescence co-localizes
with LR revealed by anti-LR. Furthermore, this co-localization
was abolished when excess unlabeled P46 was added at the
same time (Fig. 4, E and F). These results indicate a specific
P46-LR interaction.

25-mer Peptide P46 Shows the Same Anti-angiogenic Activity
as PEDF—W e know that PEDF has anti-angiogenic properties
in vitro and in vivo (3- 6, 25). We performed a Matrigel angio-
genesis assay in vitro in HuBMECs to examine whether peptide
P46 also has these properties. Endothelial cells form tube-like
networks when grown on Matrigel using a medium containing
0.2% FBS and bFGF (20 ng/ml) for 24 —48 h (Fig. 5). Our results
show that P46 inhibits bFGF-induced tube-like network forma-
tion in the same way as full-length PEDF (40 ng/ml), whereas
control peptide KAP3.1 (200 nm) has no effect (Fig. 5, C-E). We
examined the effects of the peptide on angiogenesis in corneal
tissue ex vivo, where again our results show that P46 inhibits
angiogenesis as efficiently as PEDF (Fig. 5G).

Like PEDF, P46 Peptide Inhibits Cell Migration and Has Pro-
apoptotic Activities—Wound healing assays demonstrated
that, like PEDF, P46 decreases cell migration (Fig. 6, A and B). It
is well established that PEDF has a pro-apoptotic effect on pro-
liferative ECs (32). We then investigated whether P46 inhibits
bFGF-induced vessel-like formation through pro-apoptotic
activity. We detected apoptosis by TUNEL assays and active
caspase-3 assays in the presence or absence of both VEGF (20
ng/ml) and bFGF (20 ng/ml). In the medium with 0.2% FBS and
no growth factors, the percentage of TUNEL-positive cells was
about 20-25% (Fig. 6C). We observed no significant difference
between control, KAP 3.1, PEDF, and P46 treatment groups.
Growth factors offer some protection to the control and
KAP3.1 treated groups, reducing the percentage of TUNEL-
positive cells to 12—15% in the control and in the KAP3.1-
treated groups. With P46 and PEDF, however, this protective
effect was lost; TUNEL-positive cells reached 28% in P46
treated cells and 23% in PEDF. To further confirm this pro-apo-
ptotic effect, caspase-3 activation was followed by Western
blots on protein extracts from cells treated for 0.5, 1, 3, and
6 h with PEDF and P46 (100 nm) (Fig. 7). We observed
increased active caspase-3 production during the PEDF and
P46 treatments (Fig. 7, A, C, and D). Interestingly, caspase
activation was abolished when LR expression was blocked by
siRNA inhibition. This underlines the link between PEDF
treatment, PEDF-LR interaction, and the increase in apopto-
sis (Fig. 7).

DISCUSSION

Angiogenesis is important in physiological events such as
embryonic development, but it is also implicated in pathologi-
cal situations, such as cancer (49 —51). Solid tumors need new
vessels to grow, so selectively preventing angiogenesis has
become a promising approach in anti-cancer therapy. PEDF, a
natural peptide, powerfully inhibits angiogenesis in vitro and
in vivo (see reviews in Refs. 3—6). Our results provide a molec-
ular basis for this anti-angiogenic activity.

For 10 years, several groups have provided evidence suggest-
ing that PEDF receptors exist in the plasma membranes of dif-
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FIGURE 7. PEDF and peptides promote apoptosis by regulating caspase-3 activity. A, PEDF and P46
increase caspase-3 activation. We transfected HUuBMECs with either LR siRNA or scrambled siRNA. After 48 h, we

VEGF-induced angiogenesis in
bovine retinal microvascular ECs

treated cells with PEDF (40 ng/ml) or P46 (200 nm) for 30 min, 1 h, 3 h, or 6 h. We analyzed lysates by immuno-

blotting, using anti-LR, anti-active caspase-3, and anti-glyceraldehyde-3-phosphate dehydrogenase antibod-
ies. We have shown a representative Western blot. B, reduced LR protein expression in LR siRNA-treated
HuBMECs. We measured the relative 67LR expression and found a 60% decrease in LR protein in the LR siRNA-
treated cells compared with the scrambled siRNA-treated cells. Cand D, relative active caspase-3 levels. Graphs
show the relative active caspase-3 level (compared with control cells) in the cells treated with LR or scrambled
siRNA after 30 min, 1 h, 3 h, and 6 h of incubation with PEDF (C) or P46 (D) at 37 °C. Note the reduced active
caspase-3 production in the siRNA-treated cells compared with the control cells in the presence of PEDF or P46.

We repeated the experiment once.

ferent cell types, distinct receptors to elicit divergent signals. At
least two receptors have been proposed by earlier work: one of
60 kDa in ECs and another of 80 kDa in neuronal cells (21-24).
Recently, PNPLA2 has been identified as a PEDF receptor (26).
With its phospholipase activity, PNPLA2 could be the 80-kDa
receptor identified in neuronal cells. PEDF could exert its
neuroprotective activity and regulate fatty acid/lipid metab-
olism in ocular and liver tissue through this receptor (26, 52).

We have identified a second PEDF receptor: the LR. This may
be related to the 60-kDa receptor previously reported in ECs
(24). It has been suggested that the 67-kDa laminin receptor
(67LR) consists of two 37LRP (37-kDa laminin receptor precur-
sor) polypeptide chains and that the 67LR mature form involves
37LRP acylation (53). The relationship between 37LRP and
67LR remains poorly understood. In this study, we have identi-
fied LR as a PEDF receptor for the first time. We have shown
that entire PEDF interacts with the extracellular region of
37LRP/67LR, but not with entire 37LRP/67LR, in Y2H experi-
ments (Fig. 1). Other approaches, such as immunoprecipita-
tion, His tag pulldown and SPR assays, indicate that entire
PEDF can interact with entire 37LRP/67LR (Fig. 2). This differ-
ence in results could be related to a transmembrane domain in
full-length LR causing aberrant protein folding or membrane
docking. Immunofluorescence shows that both PEDF and flu-
orescent 25-mer PEDF peptide co-localize with LR on plasma
membranes, suggesting the potential interaction site of PEDF
with LR (Figs. 2 and 4). We further identified a 25-mer peptide,
derived from PEDF, as a major PEDF-LR interaction region.
25-mer can interact with LR, bind to cell membranes, induce
EC apoptosis, inhibit EC migration, and block angiogenesis in
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by enhancing y-secretase-depend-
ent cleavage of the C terminus of
VEGF receptor-1, which conse-
quently inhibits VEGF receptor-2-
induced angiogenesis. We have
shown that knockdown LR in
endothelial cells decrease the
active caspase-3 content (Fig. 7). Our data indicate that the
anti-angiogenic activity of PEDF is at least partially mediated
by binding LR. The main question is this: Is PEDF-LR bind-
ing the major signaling event that inhibits angiogenesis? Fur-
ther experiments are needed to clarify the effects of
PEDF-LR interaction, with regard to other reported path-
ways used by PEDF to mediate anti-angiogenesis and apo-
ptosis in ECs.

67LR is expressed in tumoral (55), muscular (56), neuronal
(57), epithelial (58), and endothelial (59) cells. Indeed, both
PEDF and 67LR are involved in many biological processes, such
as migration (60, 61), adhesion (62, 63), and proliferation (64) in
many cell types. Like PEDF, 67LR is also implicated in retinal
neuronal differentiation and vascular development (65— 67). In
mice, proliferating ECs express 67LR at high levels during ret-
inal neovascularization. Both 67LR mRNA and protein expres-
sion show a characteristic biphasic expression pattern at key
stages of retinal vascular development: P1 (postnatal day 1, cor-
relates with superficial vascular plexus formation) and P7 (cor-
relates with deep vascular plexus formation). Conversely, 67LR
expression decreases when angiogenic activity is lower (65). In
addition, 37LRP expression correlates well with the biological
aggressiveness of cancer cells. Decreased expression of 37LRP
by antisense RNA gives rise to low tumorigenicity, caused by
the diminished tumor angiogenesis of murine lung cancer (68).
In this study, we used Y2H method to identify a PEDF region (aa
44.-77, previously described as 34-mer (25)) that interacts with
aa 120-210 of the 67LR extracellular domain, which included
the palindromic 67LR G peptide (aa 161-179), known to inter-
act with laminin 1 (57). Interestingly, 67LR G peptide by itself
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did not interact with either PEDF or 34-mer in Y2H experi-
ments. Flanking regions, either the N-terminal region (aa 120 —
156) or the C-terminal region (aa 181-210), are independently
required, but not sufficient, for full interaction; their own inter-
action with PEDF was reduced when we deleted G peptide from
67LRec (Fig. 1B). The 34-mer peptide mediates some aspects of
anti-angiogenesis (25). Our major finding is that a 25-mer pep-
tide, containing a helix-loop-helix structure, mediates PEDF
binding to LR (Figs. 3 and 4) and that this peptide, like PEDF,
inhibits angiogenesis in vitro and ex vivo (Fig. 5). This peptide
seems to inhibit angiogenesis by altering cell migration and
increasing apoptosis, as demonstrated by wound healing assays,
TUNEL labeling (Fig. 6) and caspase-3 activation studies (Fig.
7). P46, therefore, could potentially block tumor neovascular-
ization without interfering with other PEDF effects. PEDF only
targets new vessel growth, sparing pre-existing vasculature,
which makes it an appealing candidate for blocking tumor
angiogenesis (3— 6, 69). Thus, the 25-mer has a potential role in
treating cancer and retinopathies by inhibiting angiogenesis.

Cell interaction with the laminin component of basement
membranes is important for normal cell function. LR not only
acts as a receptor for laminin but also binds viruses (36 —38) and
the prion protein (35). In fact, 37LRP/67LR binds prion pro-
teins (PrP). Furthermore, 37LRP/67LR binds heparan sulfate
proteoglycan, which might be necessary for receptor/ligand
interaction (46). The 25-mer PEDF-interacting domain of 67LR
includes peptide G, between residues 161-179, a domain
necessary for laminin and PrP binding (70). Fluorescent
25-mer peptide (F46) could not bind to endothelial cells in
the presence of anti-67LR antibody (Fig. 4), an antibody
already known to inhibit laminin1 binding to its 67LR recep-
tor. It will be interesting to investigate whether 25-mer pep-
tide interferes with these interactions and to explore its pos-
sible therapeutic properties.

In conclusion, we have demonstrated that: 1) LR is a novel
PEDF receptor; 2) the LR-interacting region on PEDF is
restricted to a 25-mer P46 (residue 46 —70); 3) the PEDF-inter-
acting domain on LR is located between aa 120 and 210, which
includes the lamininl and PrP-binding domains of LR; and 4)
this 25-mer P46, which binds specifically to EC membranes,
inhibits bFGF-induced angiogenesis in vitro and ex vivo by
inducing apoptosis and reducing cell migration. These results
reveal a new signaling pathway for the anti-angiogenic activities
of PEDF. Modulating LR activity could provide an attractive
option for treating angiogenesis-dependent disease, such as
metastatic cancer.
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